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Corn lethal necrosis (CLN) is caused by the synergistic interaction between maize chlorotic mottle machlomovirus (MCMV) and
any potyvirus which infects cereals. Interactions between MCMV and wheat streak mosaic rymovirus (WSMV) in N28Ht corn
produced MCMV concentrations that averaged 3.3- to 11.2-fold higher in doubly infected plants than the average concentrations
in plants inoculated with MCMV. MCMV-negative sense RNA concentrations were similarly increased, and the ratio of full-length
to subgenomic RNA was the same in singly and doubly infected plants. Contrary to most synergisms involving a potyvirus, WSMV
infections were enhanced by the presence of MCMV. WSMV infection rates were higher when plants were coinoculated with
MCMV, and the difference in infection rates was more pronounced at higher temperatures. Under conditions favorable for
establishing high WSMV infection rates (cooler temperatures and high light intensity), WSMV concentrations in doubly infected
plants averaged 2.1- to 3.1-fold higher than those in singly inoculated plants. Doubly inoculated plants with the lowest WSMV levels
also had the lowest MCMV concentrations, but the concentrations of MCMV and WSMV in the most heavily infected plants did
not directly correlate. These results suggest that there are genes in both MCMV and WSMV which directly or indirectly affect the
replication and/or spread of the other virus in CLN. © 1998 Academic Press
INTRODUCTION
When two unrelated viruses infect a plant the viruses
may produce an infection in which neither virus is af-
fected by the other or the viruses may interact to in-
crease or decrease the amount of one of the viruses. The
most well studied synergism involves potato potexvirus X
(PVX) and potato potyvirus Y (PVY) (Rochow and Ross,
1955; Goodman and Ross, 1974a,b; Vance, 1991). Many
other diseases which cause a synergistic increase in
symptom severity and an increase in viral concentration
also involve a potyvirus. PVX interacts synergistically
with tobacco vein mottling potyvirus, tobacco etch poty-
virus, and pepper mottle potyvirus (Vance et al., 1995).
Cucumber mosaic cucumovirus (CMV) and blackeye
cowpea mosaic potyvirus (BICMV) cause cowpea stunt
(Pio-Ribeiro et al., 1978; Anderson et al., 1996). Cowpea
mosaic comovirus (CPMV) (Anjos et al., 1992) and bean
pod mottle comovirus (BPMV) (Lee and Ross, 1972; Cal-
vert and Ghabrial, 1983; Anjos et al., 1992) are synergistic
with soybean mosaic potyvirus (SMV). Corn lethal necro-
sis (CLN) is caused by a synergistic interaction between
maize chlorotic mottle machlomovirus (MCMV) and
maize dwarf mosaic potyvirus-A (MDMV-A), wheat streak
mosaic rymovirus (WSMV) (Niblett and Claflin, 1978), or
sugar cane mosaic potyvirus-MD-B (SCMV-MD-B, for-
merly known as MDMV-B) (Uyemoto et al., 1980; Gold-
berg and Brakke, 1987). The most common effect re-
ported for synergisms involving a potyvirus is a dramatic
increase in the nonpotyvirus component in doubly in-
fected plants compared to singly infected plants while
the potyvirus concentration remains the same in singly
and doubly inoculated plants (Rochow and Ross, 1955;
Goodman and Ross, 1974a,b; Calvert and Ghabrial, 1983;
Goldberg and Brakke, 1987; Vance, 1991; Anjos et al.,
1992; Vance et al., 1995; Anderson et al., 1996).
Most of the studies on synergisms involving potyvi-
ruses have been done in dicots and involve aphid-trans-
mitted potyviruses. CLN provides a useful model for
expanding our understanding of synergism because it
involves viruses with host ranges restricted to grasses,
and WSMV is a member of the mite-transmitted Rymovi-
rus genus within the Potyviridae. WSMV has a single-
stranded RNA (ssRNA) genome of about 8.5 kb (Brakke
and van Pelt, 1970) and a coat protein (CP) of 45 kDa
(Lane and Skopp, 1983) and is transmitted by the wheat-
curl mite Eriophyes tosichella Keifer (Slykhuis, 1953),
formerly known as Aceria tulipae Keifer. MCMV is an
icosahedral virus with a ssRNA genome of 4437 nt (Nut-
ter et al., 1989) and a CP of 25 kDa expressed from a
subgenomic RNA (sgRNA) (Lommel et al., 1991). MCMV
is the only identified member of the genus Machlomovi-
rus and is most closely related to members of the genus
Carmovirus.
In CLN caused by MCMV/SCMV-MD-B, the concen-
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tration of MCMV RNA in plants coinoculated with
SCMV-MD-B increased 1.7- to 5.4-fold compared to
plants inoculated with MCMV alone, but SCMV-MD-B
concentrations remained the same in single and dou-
ble inoculations (Goldberg and Brakke, 1987). Here we
report that MCMV concentrations also increase in
plants infected with MCMV and WSMV. In addition we
have found that under growth conditions that do not
favor the establishment of WSMV infections in singly
inoculated plants, doubly inoculated plants show a
higher incidence of WSMV infection, and under condi-
tions favorable for WSMV infections (cooler tempera-
tures and higher light intensities) the amount of WSMV
in doubly infected plants is 2- to 3-fold higher com-
pared to WSMV-inoculated plants.
RESULTS
N28Ht corn seedlings were inoculated with MCMV,
WSMV, or both viruses at the three-leaf stage and mon-
itored to determine when MCMV, WSMV, and CLN symp-
toms developed. Preliminary experiments were done in
greenhouses or in an environmental chamber at temper-
atures (28–31°C) that favor MCMV infections and were
reported to support WSMV-S infections. The ability to
obtain WSMV infections in singly or doubly inoculated
plants was highly variable. N28Ht corn showed no or a
very low incidence of infection in plants inoculated with
WSMV alone when grown in growth chambers at 28–
31°C. Since the ability of WSMV to infect corn seedlings
under greenhouse conditions was positively correlated
with the number of cloudy days or placement near cool-
ing pads in partial shade, further experiments were done
in growth chambers where temperature and light inten-
sity could be controlled independently.
Symptoms
Initially doubly inoculated plants showed symptoms
that were indistinguishable from those in plants inocu-
lated with either virus alone. The first noticeable differ-
ence between singly and doubly infected plants, and
thus the first indication of CLN, was a more intense
chlorosis and a higher density of chlorotic spots. As CLN
progressed the leaves became extremely chlorotic and
older leaves developed necrotic areas (Fig. 1). Experi-
ments were ended before the plants became completely
necrotic and died, the end result of CLN (Niblett and
Claflin, 1978). Within an experiment all plants infected
with MCMV showed symptoms within 3 days of one
another. A much greater range of time for initial symptom
appearance was seen in WSMV-inoculated plants and
FIG. 1. Symptoms at 17 dpi on N28Ht plants that were mock-inoculated or infected with WSMV, MCMV, or both. Initial CLN symptoms occurred about
9 dpi.
29MCMV AND WSMV INCREASE IN CLN
for CLN symptoms, with some plants first showing symp-
toms on sample collection day.
Effects of light and temperature on synergism
Experiments were done in growth chambers to estab-
lish temperature and light conditions required for optimal
WSMV infection rates and typical CLN symptoms. Initial
growth conditions were 31°C day temperature and mod-
erate light intensity (550 mmol photons/m2/s), which pro-
duced few WSMV-infected plants. In later experiments
the temperature was lowered and light intensity was
varied until conditions that supported a reasonable num-
ber of WSMV-infected plants and typical CLN symptoms
were found. Eight experiments with varying tempera-
tures and light intensities were separated into three
groups based on similar temperatures. This grouping
also separated experiments according to patterns of
initial symptom development and frequency of WSMV
infections (Table 1). Initial CLN symptoms were seen 19
days postinoculation (dpi) at the highest temperature and
9 dpi at the lowest temperatures tested. Lower temper-
atures (23.5–26°C) favored the establishment of WSMV
infections, while at the highest temperature tested,
MCMV became systemic 3 days earlier than MCMV-
inoculated plants grown at the lowest temperature. Both
MCMV and WSMV produced more intense symptoms
under the highest light intensities (670–700 mmol pho-
tons/m2/s) that could be obtained with this chamber.
Lower light intensity (520 mmol photons/m2/s) at 24.5°C
delayed the onset of CLN symptoms even though most
doubly inoculated plants became WSMV-positive. The
most favorable conditions for causing CLN were 23.5–
26°C day temperatures with high light intensity (700
mmol photons/m2/s).
In all the experiments there was a larger percentage of
WSMV-positive plants in the doubly infected treatment
than in the plants inoculated with WSMV alone. Maxi-
mum likelihood analyses revealed significant differences
(P . 0.8) between singly and doubly inoculated treat-
ments within temperature groups (Table 1). At the lowest
temperatures (Group 3) the effect was not as pro-
nounced. In contrast, MCMV readily infected N28Ht corn
at all temperature ranges tested. Only two plants of 268
which were singly or doubly inoculated with MCMV did
not become infected with MCMV. This shows that the
rate of infection by WSMV was enhanced by MCMV
infection, and at higher temperatures (Groups 1 and 2)
the WSMV infection rate was approximately doubled in
doubly inoculated plants.
Effects of synergism on MCMV
Since all coinoculated plants did not become infected
with WSMV, the criterion for identifying CLN plants was
designated as plants which were positive for WSMV by
ELISA. This designation correlated with the observed
symptoms of the plants. The criterion excluded two
plants from experiments in Group 3 which were ELISA-
negative but WSMV RNA dot blot-positive (note gray bars
with heavy borders in Figs. 4 and 5). These plants had
very low concentrations of WSMV in the newest leaves
and showed mild symptoms indistinguishable from those
of MCMV-inoculated plants. MCMV concentrations in
these two plants were lower than the average of plants
inoculated with MCMV alone.
MCMV virion concentrations. In all experiments the
concentration of MCMV in upper leaves measured as
purified vRNA was higher in CLN plants than in singly
infected plants. PAS-ELISA measurements for MCMV CP
were also higher in CLN plants. The anti-MCMV antibody
does not discriminate between free CP and assembled
virions so PAS-ELISA cannot be used to quantitate viri-
ons in mixtures of virions and CP. Goldberg and Brakke
(1987) reported low and erratic yields of partially purified
MCMV, but we obtained reproducible yields by isolating
MCMV at low pH in the presence of CaCl2. MCMV
concentration was determined by isolating vRNA from
TABLE 1






(Fraction infected) P (D $ S)d P (D $ 2S)e
1b 28–31°C 1/9 3/9 0.83 0.52
2c 26.5–28°C 6/21 18/21 . 0.99 0.84
3c 23.5–26°C 21/30 24/29 0.85 8.8 31024
a WSMV-positive by symptoms and RNA dot blot hybridization.
b Sum of 2 experiments.
c Sum of 3 experiments.
d Probability that doubly inoculated plants have a higher rate of infection than singly inoculated plants calculated using maximum likelihood theory.
e Probability that doubly inoculated plants have a rate of infection twice as great as singly inoculated plants calculated using maximum likelihood
theory.
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partially purified virions followed by RNA quantitation
both spectrophotometrically and by dot blot hybridiza-
tion. MCMV concentrations determined by RNA were
40–60% of the level calculated from ELISA of crude ex-
tracts which would represent a mixture of virions and
free CP.
Too few CLN samples in experiments from Group 1
were available for statistical analysis, so data from five
experiments from Groups 2 and 3 were analyzed (Table
2). The average increases in MCMV concentration in
CLN plants compared to plants inoculated with MCMV
alone ranged from 3.3 to 11.3 in different experiments. In
most experiments individual CLN plants had two to six
times more MCMV than the average from plants inocu-
lated with MCMV alone whether the newest leaf or the
top three leaves were tested. In Group 2 experiment C
(Table 2) the MCMV singly inoculated plants and the
WSMV-negative doubly inoculated plants had relatively
low concentrations of MCMV in the newest leaf so the
increase in individual CLN plants ranged from 4.8- to
24.5-fold greater. The light intensity in experiment C (540
mmol photons/m2/s) was the lowest level used in these
five experiments.
Since mature leaves from MCMV-infected plants have
higher virus concentrations than the newest leaf, the
MCMV concentrations in mature CLN leaves were mea-
sured to determine if MCMV accumulated in a compa-
rable manner. Older leaves (leaf 6 or 7) of CLN plants that
were heavily chlorotic and beginning to show necrosis
yielded 3.6–8.6 mg MCMV/g tissue, while leaves in the
same positions of MCMV singly inoculated plants pro-
duced 0.5–1 mg/g tissue. The large increase in MCMV
concentrations seen in all of the tested symptomatic
leaves of plants showing CLN is typical of the increase in
the nonpotyvirus member of similar synergistic diseases.
MCMV RNA ratios. Total RNA from inoculated plants
was isolated to determine the ratios of (1):(2) MCMV
genome-length RNAs and the ratios of genomic RNA:CP
sgRNA. The yield of total RNA (mg RNA/g tissue) varied
greatly, particularly in doubly inoculated plants, so cal-
culations of concentrations of MCMV RNAs per gram of
tissue were inappropriate. To check (1):(2) MCMV RNA
ratios in Group 3, experiment E, the signals from dupli-
cate Northern blots which were hybridized to detect (2)
or (1) genomic MCMV RNA were compared. Formalde-
hyde agarose gels were used to separate RNA from
purified virions and total RNA from single and double
inoculation samples which were adjusted to contain ap-
proximately the same amount of MCMV vRNA based on
ethidium bromide staining (Fig. 2A) before blotting to
membranes. Each Northern blot was hybridized with a
probe from the 59 one-fourth of MCMV to detect (2) RNA
(Fig. 2B) or (1) RNA (Fig. 2C) under high-stringency
conditions (Tm210°C). The blots were exposed to X-ray
film and were also quantitated with a phosphorimager.
No cross-hybridization with RNA from purified virions
was detected on the (2) RNA blot. The concentrations of
(2) RNA were very low, requiring much longer exposure
(21 h with intensifying screen versus 70 min without a
screen for (1) RNA) for similar images. The average
(1):(2) ratio from CLN plants was slightly higher than the
average (1):(2) ratio from MCMV-infected plants, indi-
cating a slightly smaller increase (2.9-fold) in (2) RNA
accumulation compared to the 3.3-fold increase in
TABLE 2
Concentration of MCMV in Singly and Doubly Inoculated N28Ht Corn
Expt. Groupa Leaf sampled
Inoculum
MCMV MCMV & WSMV
Number b mg MCMV/g tissue Number b mg MCMV/g tissue WSMVc positive MCMV increased
A 2 Newest 3 6/6 395 6 67e 5/6 1327 6 213 Y 3.4
1/6 438 N
B 2 Newest 3 6/6 451 6 27 4/6 1898 6 237 Y 4.2
2/6 390 6 42 N
C 2 Newest 3/3 84 6 19 6/9 953 6 248 Y 11.2
3/9 52 6 18* N
D 3 Newest 3/3 202 6 84 8/12 789 6 105 Y 3.9
4/12 119 6 34 N
E 3 Newest 6/6 250 6 50 10/12 827 6 142 Y 3.3
2/12 171 6 12 N
a Groups described in Table 1.
b Number of plants infected/number of plants inoculated.
c Positive for WSMV by ELISA.
d Mean MCMV concentration of CLN plants/mean of MCMV-inoculated plants.
e Mean 6 standard error of plants in numerator of Number column.
* Mean 6 standard error for only 2 of the 3 plants.
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MCMV virion concentration. The (1):(2) RNA ratios in
total RNA samples from other experiments (B–D) gave
similar results. MCMV (2) RNA showed about the same
level of increase as (1) RNA in CLN plants.
A similar blot hybridized to detect (1) RNA with a
probe from the CP region of MCMV showed that there
were about equimolar amounts of (1) CP sgRNA and
full-length MCMV RNA in total RNA from both MCMV
and CLN tissue (Fig. 3). This indicates that CP sgRNA
increased about the same amount as genomic RNA
and CP.
Effects of synergism on WSMV concentrations
In the experiments in Groups 1 and 2, too few plants
became infected with WSMV alone to determine the
relative concentrations of WSMV, and DAP-ELISA values
varied widely for samples from both singly and doubly
inoculated plants. In the Group 3 experiment grown at
520 mmol photons/m2/s, DAP-ELISA values also varied
over a wide range in both inoculation schemes. But in the
two experiments grown under optimum CLN conditions
(experiments D and E) the concentrations of WSMV were
higher in CLN plants.
The increase in WSMV in CLN plants was indicated by
increased DAP-ELISA values and increased WSMV RNA:
26S RNA ratios in experiment D (Figs. 4A and 4C). The
level of WSMV RNA in CLN plants increased 2.1-fold, and
the average DAP-ELISA values for WSMV CP increased
by 2.3-fold. The increases in accumulation for individual
CLN plants ranged from 1.3 to 2.8 times higher than the
WSMV-inoculated average. In experiment E partially pu-
rified WSMV virion levels were measured by DAS-ELISA
and RNA hybridization. CLN plants had an average
WSMV concentration 3.1-fold greater than the average
from plants inoculated with only WSMV, and WSMV con-
centrations in individual CLN plants ranged from 1.6 to
5.2 times the WSMV-inoculated average (Fig. 5). There
was not a complete correlation between MCMV concen-
tration and WSMV concentration in most of the CLN
plants in experiment D or E. But the CLN plants with the
lowest MCMV levels (1.4–2.2 times the MCMV average
concentration) were also the plants with the lowest
WSMV concentrations based on the levels of WSMV
RNA. The results of these experiments showed that the
concentration of WSMV was greater in CLN plants than
in WSMV-infected plants and that the effect was depen-
dent on environmental conditions.
DISCUSSION
In contrast to many synergisms involving a potyvirus,
the MCMV/WSMV interaction was mutually beneficial to
both members of the synergistic viral pair. No increase in
potyvirus concentration was seen with MCMV/SCMV-
MD-B (Goldberg and Brakke, 1987), PVX/PVY (Rochow
and Ross, 1955; Goodman and Ross, 1974a,b; Vance,
1991), CPMV/SMV (Anjos et al., 1992), or CMV/BICMV
(Anderson et al., 1996) where the potyvirus concentration
remained constant or with cucumber mosaic cucumovi-
rus/zucchini yellow mosaic potyvirus (ZYMV) interaction
where ZYMV was reported to decrease (Poolpol and
Inouye, 1986). The SMV concentration in BPMV/SMV
experiments has been reported to remain the same (Cal-
vert and Ghabrial, 1983; Anjos et al., 1992) or to increase
significantly (Lee and Ross, 1972) in soybean plants.
FIG. 3. Northern blot analysis of total RNA samples from MCMV
singly and doubly infected plants showing relative levels of genomic
RNA and sgRNA. RNA (0.1 mg) from purified MCMV virions (V) and total
RNA samples (0.5–2.8 mg) from one negative control (N) and two
MCMV-inoculated (M) and three CLN plants from experiments B, D,
and C (see Table 2) were separated on a 0.8% agarose gel under
denaturing conditions. (A) Photograph of ethidium bromide-stained
RNAs. (B) Autoradiograph of the blot hybridized with a probe from the
CP sgRNA region to detect (1) MCMV RNA. Arrows mark the location
of MCMV vRNA.
FIG. 2. Northern blot analyses of MCMV (1) and (2) RNA accumu-
lation in total RNA from singly or doubly inoculated plants from exper-
iment E (see Table 2). RNA (0.1 mg) from purified MCMV virions (V) and
total RNA samples (0.8–3.7 mg) from a mock-inoculated plant (N) or
plants inoculated with MCMV alone or MCMV and WSMV were sepa-
rated on duplicate 0.8% agarose gels under denaturing conditions and
blotted to membranes. (A) Photograph of ethidium bromide-stained
RNAs. Riboprobes were synthesized from pMCM602, a cDNA of the 59
one-fourth of MCMV, and used at high stringency (Tm-10°C). (B) Auto-
radiograph of Northern blot hybridized with a probe specific for (2)
RNA after 21 h exposure at 270°C with an intensifying screen. (C)
Autoradiograph of duplicate Northern blot hybridized with a probe
specific for (1) RNA after 70 min exposure without a screen. Arrows
mark the location of MCMV vRNA.
32 KAY SCHEETS
The synergism between MCMV and WSMV in N28Ht
corn is greatly affected by environmental factors. In
growth chambers high temperatures favored rapid
spread of MCMV, with symptoms first appearing 5 dpi
compared to 8 dpi at the lowest temperature tested.
WSMV produced infections at a higher frequency and
showed symptoms earlier at lower temperatures. Low-
ering the light intensity at an intermediate temperature
reduced the concentration of MCMV in singly infected
plants, which caused a greater increase in doubly in-
fected plants. Environmental factors are known to affect
other potyviral synergisms also. The increase in SMV
during BPMV/SMV infections correlated with top necro-
sis which only occurred at high frequency when plants
were grown in a growth chamber at high temperatures
(27–30°C) or during specific times of the year when
FIG. 4. Comparison of WSMV and MCMV concentrations in individual plants in experiment D (see Table 2) that were mock-inoculated or inoculated
with MCMV, WSMV, or both. Samples are in the same order in all four panels, and the means and standard errors for positive plants are shown on
the right. Bars with heavy borders indicate plants that were ELISA-negative but RNA dot blot-positive for WSMV and were counted as WSMV-negative.
(A) Samples from plants were assayed for WSMV by DAP-ELISA and are reported as ELISA absorbances at 405 nm for negative controls (open bars)
and WSMV-inoculated (hatched bars), MCMV-inoculated (black bars), and doubly inoculated (gray bars) plants. The horizontal line indicates
positive/negative cutoff of twice the mean of negative samples. (B) Photograph of ethidium bromide-stained bands from total RNA samples (2–2.6 mg)
adjusted to contain similar amounts of rRNA which were denatured and separated on a formaldehyde agarose gel. The two far right lanes have 0.2
and 1 mg of vRNA from purified MCMV virions. An arrow marks the location of MCMV vRNA. (C) Duplicates of the total RNA samples in B were diluted
for dot blot hybridization. Dilutions containing 45 or 2% of the sample were transferred to a membrane in duplicate and hybridized to detect WSMV
or 26S RNA, respectively. The relative concentrations of WSMV to 26S RNA were calculated after quantitation by scintillation counting. Bars have the
same fill patterns as in A. (D) MCMV virions isolated from another portion of the leaf were quantitated from vRNA as described under Materials and
Methods. MCMV-inoculated plants have black bars, doubly infected plants have dark gray bars, and the four plants that were doubly inoculated but
were ELISA-negative for WSMV have light gray bars.
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grown in greenhouses (Lee and Ross, 1972), suggesting
an environmental effect. Seasonal changes in green-
house conditions affect the extent of the PVX/PVY syn-
ergism (Rochow and Ross, 1955). A greater increase in
doubly inoculated plants occurs when plants are grown
at higher temperatures because PVX replication is re-
duced in singly infected plants but not in PVX/PVY-inoc-
ulated plants, while PVY replicates equally well at low
and high temperatures (V. Vance, personal communica-
tion; Rochow and Ross, 1955). Manipulating the environ-
ment may provide a useful approach to studying some
aspects of viral synergisms.
The increase in WSMV concentrations in CLN plants
grown under favorable conditions as well as the in-
crease in the incidence of WSMV infection in MCMV-
infected plants under less favorable growth conditions
showed that WSMV infections were enhanced by MCMV
infections. This could be due to some factor which in-
creased the susceptibility of individual cells in the inoc-
ulated leaf or enhanced the infectivity of WSMV virions,
thereby increasing the initial number of infected cells in
the inoculated leaf. Alternatively, an MCMV-encoded fac-
tor may modify the cell, enhancing the ability of WSMV to
replicate, or MCMV movement protein(s) may enhance
the spread of WSMV infections. At least two MCMV
nonstructural genes affect its movement in corn (manu-
script in preparation). MCMV movement protein(s) may
modify plasmodesmata such that WSMV RNA can move
more rapidly into tissues normally infected by WSMV or
may allow WSMV to invade and replicate in tissues that
are not normally infected by WSMV. Complementation of
movement functions between unrelated viruses has
been reported for many different viruses (see Atabekov
and Taliansky, 1990, for references). Coinfection with a
helper virus can allow a virus which normally produces a
subliminal infection to spread systemically, and some
viruses which are normally limited to specific tissues can
spread to other tissues in the presence of a helper virus.
Wheat infected with WSMV produced higher ELISA read-
ings of crude extracts than corn infected with the same
strains (Uyemoto and Ferguson, 1980), suggesting that
WSMV replicates or moves less well in corn. Since corn
is not the natural host of WSMV it would not be surprising
that MCMV may be able to provide a more efficient
movement function or produce some other factor which
increases the ability of WSMV to replicate in corn. The
increase in WSMV infection rate and concentration dur-
ing CLN in N28Ht may be specific for the particular corn
variety/virus strain combination. But in preliminary exper-
iments we have seen an increased incidence of WSMV-
S-infected barley in plants coinoculated with MCMV (5/8)
compared to singly inoculated plants (0/9) and a less
FIG. 5. Comparison of WSMV and MCMV concentrations in individual plants from experiment E (see Table 2) that were inoculated with MCMV,
WSMV, or both. Duplicate samples were collected for WSMV and MCMV virion isolations which were quantitated from vRNAs (see Materials and
Methods). Doubly inoculated samples are in the same order in both panels, and the means and standard errors for positive plants are shown on the
right. Bars with heavy borders were ELISA-negative but RNA dot blot-positive for WSMV and were counted as WSMV-negative. (A) WSMV
concentrations in WSMV-inoculated (hatched bars) and doubly inoculated (gray bars) plants. (B) MCMV concentrations in MCMV-inoculated plants
(black bars), doubly infected plants (dark gray bars), and plants that were doubly inoculated but were ELISA-negative for WSMV (light gray bars).
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dramatic increase in wheat (unpublished observation)
which suggests that the effect may not be host-specific.
For PVX/PVY the maximal enhancement of PVX con-
centrations occurs when both viruses have recently in-
vaded the tissue (Goodman and Ross, 1974b), and CLN
probably behaves similarly. CLN symptoms first ap-
peared on the youngest leaves and their initial appear-
ance in individual plants covered the same wide time
frame as the onset of WSMV symptoms in singly inocu-
lated plants. Two coinoculated plants which had very low
concentrations of WSMV (ELISA-negative and RNA-pos-
itive) had concentrations of MCMV which were not ele-
vated, and CLN plants with the lowest WSMV concen-
trations also had the smallest increases in MCMV con-
centrations. This suggests that WSMV was spreading
more slowly than MCMV and that WSMV must reach
some threshold concentration before it can cause a large
increase in MCMV concentration.
The concentrations of MCMV virions, CP sgRNA, and
CP in upper leaves were increased in MCMV/WSMV-
inoculated plants, which is typical for the nonpotyvirus
member in similar synergistic diseases. The increase in
virions was due to an increase in vRNA, not just an
increase in the amount of encapsidated vRNA. Although
the levels of total (1) MCMV RNA in single and double
inoculations were not quantitated, the relative amount of
full-length MCMV RNA seen in total RNA correlated with
the amount of MCMV virions isolated from the plants
(Figs. 4B and 4D). MCMV (2) RNA showed approxi-
mately the same relative increase in CLN plants as (1)
RNA. This result is similar to that shown for SMV/CPMV
synergism (Anjos et al., 1992), but contrasts with PVX/
PVY synergism where PVX (2) RNA increased a further
three-fold compared to (1) RNA (Vance, 1991). It is pos-
sible that an additional increase in MCMV (2) RNA might
be detected at an earlier time in the infection. However,
since MCMV and PVX are taxonomically unrelated and
infect monocots and dicots, respectively, it would not be
surprising if they do not mirror all aspects of the syner-
gistic interaction. For example, in PVX/PVY infections the
greatest synergistic increase in symptoms and PVX con-
centrations occurs in specific tissues (rapidly expanding
leaves invaded by both viruses at nearly the same time),
while younger leaves express a chronic double infection
with lower levels of PVX (Rochow and Ross, 1955; Good-
man and Ross, 1974b). In contrast, once young doubly
inoculated corn starts to develop CLN symptoms the
disease progresses throughout the plant and leads to
premature death (Niblett and Claflin, 1978; Uyemoto et
al., 1981), and MCMV concentrations are greatly elevated
in all CLN symptomatic tissue (Goldberg and Brakke
(1987) and this study).
PVX/PVY is the best characterized synergism. It has
been determined that the HC-Pro gene product is the
only potyviral protein necessary to cause a large in-
crease in PVX pathogenicity (Vance et al., 1995; Pruss et
al., 1997), while both P1 and HC-Pro, the first and second
proteins of the potyviral polyprotein, are necessary to
prolong the accumulation of PVX (2) RNA in protoplasts
(Pruss et al., 1997). HC-Pro has multiple functions in
potyviral infections (reviewed in Maia et al., 1996). The
amino-terminal domain is the helper component neces-
sary for aphid transmission (Thornbury et al., 1990;
Atreya et al., 1992), and mutations in this region can
affect virus accumulation (Atreya et al., 1992). The car-
boxy-terminal domain contains a protease function (Car-
rington et al., 1989) which is necessary for genome
amplification (Kasschau and Carrington, 1995), and the
central region is involved in long-distance movement
(Cronin et al., 1995). P1 has RNA binding activity (Brantley
and Hunt, 1993) and a protease activity which cleaves
the P1/HC-Pro junction (Verchot et al., 1991), and P1 is a
trans accessory for genome replication (Verchot and
Carrington, 1995). The first two proteins encoded in
WSMV may play similar roles in CLN although it is also
possible that different or additional viral proteins contrib-
ute to the synergism. Analysis of the genes in both
MCMV and WSMV that are required for the increases in
concentration of both viruses during CLN will further our
understanding of a viral synergism where the virus inter-
actions are mutually beneficial.
MATERIALS AND METHODS
Plasmids
pWSO8 (from S. A. Lommel, North Carolina State Uni-
versity) contains a 1.8-kb cDNA of the 39 end of WSMV
(Niblett et al., 1991). MCMV cDNA clones pMCM602 (1.1
kb of the 59 end) and pMCM16 which lacks only the 59 A
of MCMV are described in Scheets et al. (1993). The
1-kbp BamHI/EcoRI fragment from the Zea mays 26S
rRNA gene of pZmr1 (McMullen et al., 1986) was cloned
into Bluescript (KS1) (Stratagene, La Jolla, CA) to make
p26SBE. pZmr1 was obtained from M. D. McMullen,
University of Missouri.
Viruses and plants
WSMV-Sidney (WSMV-S) was obtained from S. Jensen,
University of Nebraska at Lincoln. WSMV was isolated
from infected corn (Z. mays) cv N28Ht using a modifica-
tion of the method of Uyemoto and Ferguson (1980). In
lieu of two high-speed centrifugations preceding the su-
crose gradient centrifugation, the virus preparation was
centrifuged for 2.25 h at 28,000 rpm in a SW28 rotor
through a cushion of 20% sucrose in 0.1 M potassium
phosphate, 5 mM b-mercaptoethanol, pH 7. WSMV was
stored in 25 mM NaCl, 12 mM borate, pH 7.5, 30%
glycerol at 220°C. MCMV-Kansas was isolated from
infected Pioneer Hi-Bred 3168 corn as described by Lom-
mel et al. (1982) except 10 mM CaCl2 was added to the
initial grinding buffer and Triton X-100 was added to 0.5%
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preceding the polyethylene glycol (PEG)/NaCl precipita-
tion step. All buffers for resuspension and separation by
high-speed centrifugation contained 10 mM sodium ac-
etate, 5 mM CaCl2, pH 5.5. MCMV was passed through a
0.22-mm filter and stored at 4°C.
Plant inoculations
N28Ht corn seedlings were inoculated at the three-
leaf stage. WSMV extracts were made by grinding fresh
or frozen (270°C) infected leaves in 3 vol of 10 mM
sodium phosphate buffer, pH 7, followed by a brief cen-
trifugation. For some experiments purified WSMV was
diluted to 50 mg/ml in phosphate buffer or was added to
the WSMV grindate supernatant at 50 mg/ml before the
solution was divided for WSMV or double inoculations.
For double inoculations purified MCMV was added to a
sample of WSMV inoculum at 20 or 50 mg/ml, and an
equal volume of 10 mM sodium acetate, 5 mM CaCl2, pH
5.5, was added to WSMV-alone inoculant. MCMV inocu-
lations used purified MCMV diluted to 20 or 50 mg/ml in
10 mM sodium acetate, 5 mM CaCl2, pH 5.5. The con-
centration of MCMV or WSMV was the same in single
and double inoculations within an experiment. Control
plants were mock-inoculated with sodium phosphate
buffer. Carborundum-dusted leaves were inoculated by
adding 20 ml of solution and stroking three times with a
gloved finger. After inoculation, plants were kept in a
dark, humidified area several hours and were moved to
the same growth chamber the next day.
Plant growth conditions
Plants were grown in an environmental chamber with
14-h days. The light intensity was varied (520–700 mmol
photons/m2/s) by raising or lowering the light platform
and was measured with a quantum meter (LI-COR Inc.,
Lincoln, NE). Temperatures were varied in different ex-
periments, with day temperatures ranging from 23.5–
31°C and night temperatures of 17–21°C.
Sample collection
Samples were collected 5–7 days after the first doubly
inoculated plant began to show CLN symptoms, which
was defined as a noticeable increase in chlorosis com-
pared to singly inoculated plants. The newest leaf was
defined as the youngest leaf which extended 6 in. above
the whorl, and sampled plants had 8 to 10 leaves. For
most experiments the newest leaf was sampled for total
RNA (45–50 mg of tissue), MCMV virion preparations (0.5
g of tissue), and for ELISAs (7-mm-diameter discs weigh-
ing 4–5 mg). In one experiment the newest leaf was cut
into small pieces, and duplicate 0.4-g samples were
collected for MCMV and WSMV virion isolations in addi-
tion to total RNA samples. For other experiments the
newest 3 leaves were collected and cut into small
pieces, and portions were taken from the mixture for total
RNA and MCMV virion samples. Samples were taken
from the most severely chlorotic leaf (second leaf below
the newest leaf) of some CLN plants and from the equiv-
alent leaf of MCMV-inoculated plants.
Tissues for total RNA, MCMV, and WSMV virion prep-
arations were stored at 270°C. Most samples for ELISA
were either immediately ground in the appropriate buffer
or were stored at 4°C overnight.
ELISA
For most experiments WSMV was tested by direct
antigen plating-ELISA (DAP-ELISA) with rabbit polyclonal
antisera (provided by J. L. Sherwood, Oklahoma State
University) against WSMV-OSU except that 2% polyvi-
nylpyrrolidone was added to the 50 mM sodium carbon-
ate, pH 9.6, grinding/coating buffer (Montana et al., 1996).
Alternatively, WSMV was detected by double antibody
sandwich ELISA (DAS-ELISA) using a mixture of mouse
monoclonal antibodies (provided by J. L. Sherwood and
M. Bandla, Oklahoma State University) as the second
anti-WSMV antibody source (Montana et al., 1996).
MCMV was tested by protein A sandwich-ELISA (PAS-
ELISA) (Edwards and Cooper, 1985) as before (Scheets
et al., 1993). Samples were assayed in duplicate using
p-nitrophenyl phosphate as substrate, which was moni-
tored for absorbance at 405 nm. Samples with absor-
bance values less than or equal to twice the mean of
negative control samples were scored as negative.
Small-scale MCMV virion/vRNA isolations
Frozen tissue was ground in a mortar and pestle with
6 or 8 vol (w/v) of 0.1 M sodium acetate, pH 5, 10 mM
CaCl2, and the solution was clarified by a brief centrifu-
gation. Part of the supernatant (1.2 ml) was adjusted to
0.5% Triton X-100, and MCMV was purified by two rounds
of precipitation by adjusting the solution to 8% PEG, 0.2
M NaCl. Final virion pellets were resuspended in 100 ml
of 10 mM sodium acetate, 5 mM CaCl2, pH 5.5, contain-
ing 0.02% NaN3 and stored overnight at 4°C. RNA was
isolated by phenol/CHCl3 extraction followed by ethanol
precipitation. RNA was dissolved in sterile deionized
water and stored at 270°C.
Small-scale WSMV virion/vRNA isolations
Frozen samples were ground in a mortar and pestle
with 5 vol (w/v) of cold 50 mM potassium phosphate, pH
7, 5 mM b-mercaptoethanol and transferred to a 15-ml
centrifuge tube using an additional 15 vol of the same
buffer. After a low-speed centrifugation the supernatant
was extracted with one-half volume of CHCl3. A 30-ml
portion of the aqueous phase was diluted for DAS-ELISA,
and the remainder centrifuged at 37 K rpm (Ti70.1 rotor)
through a 20% sucrose cushion for 2 h. The pelleted
virions were resuspended in 25 mM NaCl, 12 mM borate,
pH 7.5, and after a low-speed centrifugation to remove
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debris the virions were stored at 270°C. WSMV virions
were disrupted by incubating in 25 mM Tris–Cl, pH 8, 1
mM CaCl2, 0.2% SDS, and 200 mg/ml proteinase K at
37°C for 20 min. The SDS concentration was increased
to 1% and incubated at 50°C for 15 min. RNA was iso-
lated by phenol/CHCl3 extraction and coprecipitated with
linear polyacrylamide (Gaillard and Strauss, 1990). RNA
was dissolved in 70% formamide and stored at 270°C.
Total RNA isolation
Frozen samples were rapidly ground with cold mor-
tars and pestles in TRlzol Reagent (BRL, Gaithersburg,
MD), and RNA was isolated according to manufactur-
er’s directions. An additional wash of the RNA pellet
with 3 M sodium acetate, pH 3 (Logemann et al., 1987),
was used to remove contaminating carbohydrates.
RNA was dissolved in 100 ml sterile deionized water
and stored at 270°C.
Formaldehyde agarose gel electrophoresis
Samples containing 0.5–3.7 mg of total RNA were
heated 2 min at 95°C, followed by 15 min at 65°C in
formaldehyde, formamide buffer containing ethidium bro-
mide, and separated by formaldehyde agarose gel elec-
trophoresis (Fourney et al., 1988).
Northern and dot blot hybridizations
RNA gels were blotted to Magnagraph membrane
(MSI, Westboro, MA) (Fourney et al., 1988). Dot blots
were made for MCMV vRNA, WSMV vRNA, and total RNA
by diluting samples in 70% formamide, 2.2 M formalde-
hyde, 20 mM MOPS, pH 7, 5 mM sodium acetate, 1 mM
EDTA, 0.1 M guanidine thiocyanate. After heating 15 min
at 65°C, duplicate samples were transferred to Nytran
Plus 96-well printed membranes (Schleicher & Schuell,
Keene, NH) using a 96-well dot blot apparatus. Dilutions
of purified MCMV vRNA, (1) transcript of pWSO8 insert,
and (1) transcript of p26SBE insert were included as
standards.
Blots were placed between Whatman 3MM paper
(Jones and Jones, 1992) and were prehybridized, hybrid-
ized, and washed at 60°C according to Wahl et al. (1987).
The concentrations of formamide and salts were ad-
justed in the prehybridization and hybridization buffers to
increase hybridization stringency to Tm 220°C or Tm
210°C, and 32P-labeled riboprobe concentrations were
5–10 3 105 cpm/ml. [a-32P]UTP (DuPont NEN) was used
to synthesize probes using the appropriate RNA poly-
merase (SP6, T3, or T7) on linearized templates. Northern
blots and some dot blots were wrapped in plastic film
while wet and autoradiographed with Kodak XAR film
with or without a Cronex intensifying screen. Some
Northern blots were analyzed with a Molecular Imager
(Bio-Rad Laboratories, Hercules, CA). Dot blots were cut
into individual squares, dried, and counted in 2 ml of
Scintiverse BD (Fisher Scientific) scintillation cocktail for
quantitation.
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